We have previously described the capacity of neurites extending from cultured rat sensory dorsal root ganglia (DRG) neurons to transport rabies virus through axoplasm in the retrograde direction. Here we report the infection of cultured neurons derived from the DRG and the subsequent anterograde transport of rabies virus from the infected cell somas through the extending neurites to its release into the culture supernatant. Viral transport was monitored by titration of the virus yield in the external compartment. Both early and late transport mechanisms of rabies virions were identified. The first one occurred a few hours post-infection and was undetectable 6 h later, before the initiation of viral replication. The velocity of this first wave of infective virions was in the range of 100 to 400 mm/day. The early viral transport was probably the result of a direct translocation of infective virions from the somatic site of entry to the neuritic extensions and subsequent release into the culture medium without replication in the cellular perikaryon. The second virus transport peak was detected 48 h post-infection. In this case, the virions detected in the neuritic compartment were presumably the progeny of the inoculated virus which had replicated in the perikaryon before the viral transport occurs. Using a four-compartment culture device we were able to demonstrate, simultaneously, retrograde and anterograde transport of the virus. The presence of antirabies serum in contact with the exposed neurites did not inhibit either the retrograde or the anterograde transport mechanisms. The viral release from the neuritic extensions after the fast anterograde transport was evaluated to be in the range of 150 to 300 infectious virions per bundle of neurites per day.
INTRODUCTION
The importance of nerve tracts in the transport of neurotropic viruses has been suspected since early in this century. The recovery of rabies virus from peripheral nerves (Roux, 1888) was followed by a series of experiments using sections and ligatures of peripheral nerves to interrupt the viral spread (Baer, 1975; Baer et al., 1965; Dean et al., 1963; Johnson, 1965) . These approaches were similarly applied in experimental rabies and herpesvirus infections in which pharmacological interruption of the peripheral transport mechanisms prevented the occurrence of disease (Bijlenga & Heaney, 1978; Kristenssen et al., 1971; Tsiang, 1979) . Investigation of viral transport in the nervous system has mainly focused on in vivo studies. It has been postulated that neurotropic viruses are transported via nerve tracts into the nervous system (Bak et al., 1977; Carbone et al., 1987; Dal Canto et al., 1986; Gillet et al., 1986; Kaluza et al., 1987; Kimberlin & Walker, 1986; Klein & DeStefano, 1983; Kucera et al., 1985; Tyler et al., 1987) . However in most of these observations, the possibility that other cell types or that other mechanisms may be involved in addition to the specific neural transport has not been totally discarded. For example it has been suspected that rabies virus spreads in the brain through extracellular spaces after budding on the surface of primarily infected neurons (Iwasaki & Clark, 1975; Iwasaki et al., 1985; Murphy, 1977) .
Rabies virus which has a restricted host range and only infects neurons (Iwasaki & Clark, 1975; Matsumoto, 1975; Sung et aL, 1976 ) is certainly a model of choice for investigation of viral transport mechanisms. Rabies virus infects a great variety of neuronal cell lines (Clark, 1978; Honda et al., 1984; Iwasaki & Clark, 1977; Tsiang et al., 1983a) as well as primary dissociated neuron cultures (Lycke & Tsiang, 1987; Tsiang et al., 1983a Tsiang et al., , b, 1986 . Whereas conventional neuronal cultures are less appropriate for the investigation of viral transport, neurons cultivated in a compartmentalized culture system as described by Campenot (1977) will demonstrate convincingly the transport of herpes simplex virus in vitro (Kristensson et al., 1986; Lycke et al., 1984; Ziegler & Herman, 1980) and the retrograde transport of both fixed and street rabies viruses in cultured rat sensory neurons (Lycke & Tsiang, 1987; Tsiang, 1988) . In this system, herpes and rabies viruses were transported in a retrograde fashion with a velocity in the range of 50 mm/day (herpes virus) and 25 mm/day (rabies virus) (Lycke et al., 1984; Lycke & Tsiang, 1987) .
Previously, we have shown that the first steps of rabies virus spread in the rat brain occurs through retrograde axoplasmic transport (Gillet et al., 1986) . These studies raised the question of the possible importance of the anterograde transport mechanism once the virus has reached the first target cells and replicated. It was suggested that after the virus had been delivered to the neuronal somas, newly synthesized virions may subsequently be transported in an anterograde fashion to other secondary target cells. As the in vivo experimental model has disadvantages for answering such questions (owing to the varying viral growth kinetics in the different neuronal cell populations), we have used compartmentalized rat sensory dorsal root ganglia (DRG) neuron cultures. In addition, a multiple-compartment culture system was used to demonstrate the simultaneous retrograde and anterograde transport of rabies virus in a single neuron culture.
METHODS

Virus.
The challenge virus standard (CVS) strain fixed rabies virus was obtained from supernatants of infected BHK-21 cells. Cell monolayers were infected with an m.o.i, of 5 p.f.u./cell. The virus inoculum was removed and the cells were further incubated for 3 days at 37 °C in Eagle's MEM containing 2% foetal calf serum (FCS) (Flow Laboratories), 2 mM-glutamine, penicillin (100 units/ml) and streptomycin (100 ktg/ml). Infected supernatants were centrifuged (5000 r.p.m, for 10 min) to remove cell debris, divided into aliquots and stored at -70 o until use. Titration of infectious virus. The concentration of infectious virus was determined on cultures of chick embryorelated cells as described by Smith et al. (1977) , with minor modifications. Briefly, the cells were grown in a medium containing NaHCO3 (1.2 g/l) and supplemented with 10% FCS, 2 mM-glutamine and antibiotics. After 6 days incubation in a 5% CO2-saturated incubator at 37 °C, the cells were fixed with formaldehyde and stained with crystal violet.
Rabies antiserum. Rabies virus antiserum was prepared by immunizing rabbits with fl-propiolactone-inactivated purified rabies virus emulsified in Freund's adjuvant as described earlier (Atanasiu et al., 1974a) . Rabbits were given four immunizing injections at 1 week intervals. One week after the last injection, a blood sample was collected for antibody titration using the plaque inhibition test. The antibody titre was expressed as international units (IU) using as a reference an international rabies antibody standard. The titre of the serum used was 30 IU.
Nerve cell cultures. DRG ceils were obtained by dissecting 10 to 12 Wistar rat embryos (at day 15 to 17) as described in earlier reports (Lycke et al., 1984; Lycke & Tsiang, 1987) . Ganglia were collected using forceps under a dissection microscope and cells were dissociated by treatment with 0.25 % trypsin in Ca 2+-and Mg2+-free Hanks' buffer at pH 7.2 for 30 min at 37 °C. The cells were then separated from trypsin by low speed centrifugation and subsequent resuspension in culture medium.
The DRG cells were seeded into the inner compartment of a two-chamber cell culture system originally developed by Campenot (1977) . Briefly, the system consisted of a 35 mm collagen-coated (Vitrogen 100; Collagen Corporation) plastic plate (Falcon) which was scratched in its centre with the aid of stainless steel needles, placed in a brush 0-5 mm apart. An 8 mm wide glass cylinder was put in the centre of the plate and sealed with high vacuum silicone grease. The trenches formed by the scratches in the collagen coat were sealed with 1 methylceUulose (Methoce1400; Fluka AG) in Hanks' buffer pH 7.2. The glass cylinder served as a tight diffusion barrier in the culture. After 1 day in culture the cells were treated with 2-0 ~tg cytosine arabinoside (CA) (Sigma) per ml of medium for 24 or 48 h to reduce the growth of cells exhibiting mitotic activity. The medium was changed every 2 to 3 days. The culture medium, F10 (Boehringer Mannheim), was supplemented with 10~ FCS. After CA treatment to enrich the ratio of DRG neurons in the cylinder, it was possible to estimate their total number to be in the range of 1 x 104 to 5 x 104 cells (Lycke & Tsiang, 1987) . Neuritic extensions could be observed in the inner compartment as early as 24 to 48 h after seeding and some of these extensions (10 to 25 bundles of neurites) crossed the silicone barrier to the external compartment 5 to 7 days later. The number of individual neurites in these fasciculated processes was not known.
This compartmentalized culture system was used to study the retrograde transport of viruses by infecting the neurites in the external compartment of the cylinder and assaying for the recovery of virus in the somatic compartment inside the cylinder (Lycke & Tsiang, 1987) . In this report, we describe the use of the same culture device to study the anterograde transport of rabies virus. The virus was inoculated into the inner compartment of the cylinder in contact with the cell somas and transport was monitored by the recovery of infectious viral particles in the external compartment (in the neurites).
The two-chamber culture system was further modified and developed to obtain a four-chamber system by using three glass cloning cylinders placed above the parallel scratches (Fig. 1) . DRG neurons were seeded into the central cylinder and the neurites allowed to cross the diffusion barrier (Fig. 2) . Once the neurites were in the outer compartment, the cultures were further incubated to allow the neurites to enter the second diffusion barrier of the adjacent cylinders (Fig. 3) . The neurites in the inner compartment of the external cylinders appeared t0 to 15 days after seeding the cells. However, only a few neuritic extensions (one to five, or none) were able to cross this second silicone barrier. Thus the number of complete three-cylinder culture systems used for viral infection experiments was limited.
In all systems the tightness of the diffusion barrier was verified before use. Leaking cultures could easily be seen by the lowering of the medium inside the cylinder.
Immunofluorescence. Rabies virus-infected cultures were labelled with a rabbit antirabies virus nucleocapsid IgG conjugated with fluorescein isothiocyanate (FITC) as described earlier (Atanasiu et al., 1974b ) (The fluorescent conjugate was prepared by P. Versmisse and P. Perrin.) Labelled cells were then washed with phosphate-buffered saline, mounted in Elvanol and examined with an inverted Zeiss IM32 microscope (Fig. 4) .
RESULTS
Anterograde transport of rabies virus in extensions of DRG neurons
Sensory DRG neurons were infected with fixed rabies virus (107 p.f.u, in 200 txl) in the inner compartment (containing cell somas) of the culture system. The inoculum was left in the cylinder for the duration of the experiment. Viral infectivity was sampled from the supernatant (1.6 ml) of the outer compartment (containing neurites). Titration of the amounts of infectious virus in the outer compartment indicated that virus yields increased during infection. Furthermore, the titres were dependent on the number of neurites per culture. Fig. 5 shows that approximately 30 bundles of neurites per culture resulted in the recovery of 10-fold more infectious virus particles than were found in cultures with less than five bundles per culture.
The highest virus titres recovered in the neuritic compartment were in the range of 104 to 105 p.f.u./ml. In this first series of experiments it was intriguing to observe the release of infectious viral particles within 24 h post-infection (p.i.). Since the culture system excludes any transfer of infectious virus from the inner to the outer compartment when the cultures are technically intact with a maintained diffusion-tight barrier, the presence of infectious virus in the outer compartment must be the consequence of neuritic transport. The increase of infectious virus titre on day 5 and 6 p.i. was most probably represented by virus produced in and released from cells of the inner compartment, whereas the virus particles observed on day 1 might reflect a neuritic transfer through the diffusion barrier before any replication of virus had occurred. This latter hypothesis was further investigated.
Early and late viral transport phases
To verify the hypothesis that viral particles might have crossed directly from the 'soma' =ompartment into the 'neurite' compartment without first replicating in the neuron, the inoculum was removed 1 h p.i. and the inner cylinder washed to eliminate the residual virus. When the supernatant of the outer neuritic compartment was assayed for the presence of infectious virus 2 to 5 h p.i., approximately 102p.f.u./ml were found in the external c o m p a r t m e n t (Fig. 6) . After, the viral yields decreased to undetectable levels 24 to 30 h p.i. Between 48 and 72 h p.i. another increase of titre was observed in the outer c o m p a r t m e n t , presumably in association with the production of virus from infected neurons.
Retrograde and anterograde transport of rabies virus in a multiple-compartment culture system
In order to investigate the retrograde and the anterograde transport of rabies virus simultaneously, we developed a three-cylinder system. The three cylinders were placed over the Fig. 1 . The DRG neurons were seeded in cylinder B and the neurites allowed to grow in parallel to the scratches until they reached the inner compartment of the neighbouring cylinders A and C (Fig. 7 ). In the experiments described here, the minimum distance between cylinder A and B, including the walls of the two cylinders, was calculated to be 4.83 mm (measured under a binocular microscope using a scale). three bundles of neurites had extended from cylinder B into cylinder A. The minimum distance from cylinders B to C was 3-4 mm, which only two neurites had covered. Cylinder A was infected with rabies virus and the inoculum left in contact with the cells for the duration of the experiment. Antirabies serum was added in the outer compartment so that neurites crossing from one cylinder to another would be in permanent contact with the rabies virus antibody with a titre of 0.15 IU/ml. This titre is sufficient to prevent the infection of DRG neurons. In this manner we could exclude any passage of virus not mediated by neuritic extensions. Sampling was performed from compartments B and C but also from the supernatant outside the cylinders containing the antirabies serum. The titration of virus from these compartments indicated the release of virus from compartment B and subsequently from compartment C, whereas no infectious virus was recovered from the external compartment (Fig. 8) . Recovery of infectious virus began from day 3 in compartment B. Thus between 2 and 3 days were required for uptake of virus by neuritic extensions exposed to the virus inoculum in compartment A, the transport to compartment B (referred to as retrograde-directed transport) and replication and release of virus by infected neurons. Two additional days were required for the detection of virus in compartment C. DISCUSSION We demonstrate here that rabies virus is transported in neurites of cultured sensory neurons not only in a retrograde (somatopetal) but also in an anterograde (somatofugal) direction. Our findings also indicate the existence of at least two different anterograde modes of viral transport. The first one occurs within a few p.i., whereas the second occurs after the virus has replicated in the cell soma, 48 h p.i. (Lycke & Tsiang, 1987) .
In the first transport mechanism, the early movement of virus cannot require replication of the virus inoculated (which takes between 24 and 48 h). We presume that the virus is transported across the nerve cell without replicating in the cell soma. Similar fast anterograde transport mechanisms have been widely reported for other cellular components (Couraud & DiGiamberardino, 1980; Gilbert et al., 1985; Lorenz & Willard, 1978; Lubinska & Niemierko, 1971 ; Ochs, 1972) . The mean velocity of rabies virus fast transport was estimated to be in the range of 100 to 400 mm per day which is in accordance with the velocities (360 mm/day) reported for rat sensory neurons (Aquino et al., 1987) . The importance of this anterograde transport of virus in rabies pathogenesis is not well understood. Nevertheless, it demonstrates that rabies virus might be actively or passively transported in the neuron without replication.
The continuous release of virus into the outer compartment of the cultures demonstrates that the viral infection does not impair the anterograde transport mechanisms, which are still functional at least 5 days p.i. This observation is compatible with the earlier report that rabies virus infection does not appear to affect the integrity of sensory DRG neurons which can harbour the virus for over 4 weeks without showing gross signs of degeneration (Lycke & Tsiang, 1987) .
There are still no satisfactory answers to the question about the form in which the virions are transported in DRG neurons. The virions might be free in the cytosol or associated with membranous vesicular structures. The anterograde axoplasmic transport has been shown to transport large cellular organelles and vesicles (Gilbert, 1985; Tsukita & Ishikawa, 1980) which can be convenient vehicles for the virions. It is also conceivable that each peak of virus titre observed with our system is a result of separate transport mechanisms. The anterograde transport of virus is probably a complex phenomenon; perhaps it is the mode of viral entry that determines which mechanism will be used. Indeed different modes and velocities of transport have been described (Lorenz & Willard, 1978; Tytell et al., 1981) . For example, different molecular forms of acetylcholinesterase are transported at various velocities ranging from 3 to 400 mm/day (Couraud & DiGiamberardino, 1980) . It is tempting to assume that the transport of rabies virus by neurons follows a pattern similar to that of other biological molecules such as lectins, tetanus toxin and nerve growth factor which are receptor-mediated (Stockel et al., 1975) and transported by vesicular organelles (Schwab, 1977) .
We had previously shown that colchicine, a microtubule-disrupting agent (Wisniewski et al., 1968) , inhibits the retrograde transport of rabies virus in vitro (Lycke & Tsiang, 1987) and in the rat brain (Ceccaldi et al., 1989) . Colchicine seems to be less potent in the inhibition of the anterograde transport, after treatment of either the neuronal soma or the neuritic extensions. A 20-fold decrease of virus infectivity has been recovered from the external compartment after colchicine treatment (Ceccaldi et al., 1988) . This shows that the bulk of the infectivity present in the external compartment was transported by the neurites. But we cannot exclude the hypothesis that the residual infectivity in the outer compartment is due to a few infected Schwann cells which have crossed the silicone barrier. Nevertheless the striatal inoculation of colchicine in the rat brain is able to delay the viral dissemination in connected areas, demonstrating the efficiency of the drug to transiently alter the neuronal pathways (Ceccaldi et al., 1989) . Thus in vivo, as well as in vitro, studies confirm the major role of axoplasmic transport in the spread of rabies virus.
Little is known about the site of rabies virus entry into DRG neurons. In earlier reports we demonstrated that the lysosomal entry pathway is involved in the infection of non-neuronal cells as well as neurons Tsiang & Superti, 1984) . Furthermore highly sialylated gangliosides may participate in these early steps of viral entry into the target cell (Superti et al., 1986; Conti et al., 1988) . From our present results we infer that there are presumably two different mechanisms of viral entry into the cell. The virions transported by the fast and early anterograde mechanism are probably not following a lysosomal entry pathway.
Using a four-compartment system, we have tried to mimic a sequential infection of neurons in which the virus is strictly delivered at specific neuronal structures. In our experimental model the following steps can be identified: the virus enters the peripheral neuron into the neuritic extensions; the virus is subsequently transported by the retrograde axoplasmic flow and crosses the two diffusion barriers; the virus replicates in the cell soma; the viral inoculum and/or the product of replication is transported in the anterograde direction across the two diffusion barriers; the virus is released by the neuritic extensions. It is not known whether the virions released through the anterograde transport system are directly generated by the primarily infected neurons or by a release of virus into the supernatant and infection of the neurons which extend neurites to the third cylinder. In fact, we had shown that the whole cell soma and neurites form a network that is totally infected by the retrograde axoplasmic flow even in the presence of antirabies serum as if rabies virus had spread simultaneously throughout the whole network (Lycke & Tsiang, 1987) . Thus it is difficult to discriminate between these two possible origins of virions in the third cylinder.
Because of the small number of neuritic bundles (three for retrograde transport and two for anterograde transport) we assume that both mechanisms were highly efficient. For the anterograde transport, the increase in the rate of infectious viral particles transported by a bundle of neurites can be calculated to be approximately 2 to 5 infectious virions on day 5, 10 to 20 virions on day 6 and 150 to 300 virions on day 7. For most anterograde transport experiments the virus recovery has always been approximately 102 to 103 p.f.u./ml, and reached 104 p.f.u./ml when the inoculum was left in contact with the cell soma. Finally, if we assume that 10 to 20 bundles of neurites would deliver 1500 to 3000 p.f.u., the results found for the rate of viral transport in a bundle of neurites is relevant to those found for higher numbers of neuritic extensions.
The use of the multiple-compartment neuron culture system also allowed us to demonstrate without ambiguity that the neuronal spread of virus by both the retrograde and the anterograde axonal transport mechanisms was not inhibited by rabies antiserum. This result further confirms our previous report that rabies virus is not accessible to the B cell-dependent immune response once it has gained access to the neuron (Lycke & Tsiang, 1987) . Furthermore, it has the capacity to propagate into the neuritic network and infect all the neurons despite the presence of antirabies serum. This model is interestingly related to the cell-to-cell experiments described by Dietzschold et al. (1985) and Lodmell & Ewalt (1987) .
Further studies are in progress to demonstrate which cellular components are involved in the viral uptake at the neuritic endings, which may represent the only entry pathway to the neuron, and which exogenous factors modify this crucial step of virus pathogenesis.
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